Whilst complex three-dimensional shapes can be made with relative ease using the selective laser melting (SLM) powder bed process, it is the development of material properties and prediction of specific component behaviour that will truly make it a viable process for industry (Wu, 2007) . SLM has great potential in low volume, high added value aero-engine parts manufacture, and prototype development. In particular, Hastelloy-X alloy is used in applications at high temperature that are often under high stress and cyclic loading conditions; hence controlling the microstructure with crack-free and low porosity material is of great importance. We will outline our work on optimising the SLM process parameters, such as laser speed and hatch distance, to successfully build crack-free Hastelloy-X components. We have found out that the chemical composition of Hastelloy-X has a great influence on crack propagation.
It has been suggested by Savage and Krantz (1966) that both metallurgical and mechanical factors must be present to cause crack propagation, although the fundamental mechanism for crack formation and propagation is not fully understood. The nature of the temperature distribution and the comparatively rapid temperature changes associated with SLM make the existence of complex shrinkage stresses unavoidable. Thus, although appropriate changes in SLM process parameters may minimise the shrinkage stresses and associated shrinkage strains, the complete elimination of the mechanical factors contributing to crack propagation is impossible (Wang et al., 2011) . In this paper, the influence of laser scan speed on porosity and crack formation during SLM of two types of Hastelloy-X powders with different Mn + Si contents is investigated. The melting temperature of Hastelloy-X was calculated using thermodynamic software and was found to vary with minor element additions such as Mn and Si.
Experimental
A microstructural study focused on porosity and crack initiation has been carried out to investigate the effect of processing parameters on two Hastelloy-X powders, one with low and one with high Mn and Si content. The SLM samples were produced using an EOS M280 machine with maximum laser power of 370 W. The effect of the laser scan speed on the microstructure was evaluated by building cubes with nine different scan speeds. In each case, the other process parameters were kept constant. Optical microscopy was used to evaluate the degree of porosity and crack morphology. The fraction of pores was determined using image processing software (ImageJ). Thermodynamic software (Pandat) was used to evaluate the fraction of solid as a function of temperature for Hastelloy-X with various Mn and Si contents. A focused ion beam FEI Quanta 3D FEG microscope was employed using a channeling technique to evaluate the crack and grain morphology.
Results and Discussions
Figure 1 shows optical micrographs of Hastelloy-X produced by SLM. The microstructures of Hastelloy-X with low Mn + Si content are shown in Fig. 1 (a) , (c) and (e), whereas high Mn + Si content are (b), (d) and (e). Fast, medium and slow laser scan speeds were used to consolidate the powder by SLM, with results presented in Fig. 1 (a, b) , (c, d) and (e, f), respectively. The reflected light micrographs show that the degree of porosity increases significantly with increasing laser scan speed, and thus a good compromise between porosity and productivity can be obtained. Upon reducing the amount of Mn and Si, the microstructure of Hastelloy-X became crack-free as seen in Fig. 1 (c) as compared with Fig. 1 (d) . The presence of minor elements such as Mn and Si induce a large amount of cracks with high levels of internal stresses. A low laser scan speed can decrease the volume fraction of pores but cannot avoid the development of cracks (Fig. 1 (e) and (f)). A plot of laser scan speed as a function of porosity and amount of Mn + Si content is shown in Fig. 2 . Decreasing the laser scan speed reduces the volume fraction of pores. It was also observed that high concentrations of minor elements such Mn and Si can suppress the formation of pores under certain conditions. Fig.2 The influence of laser scan speed on porosity of Hastelloy-X produced by SLM with low and high Mn + Si contents.
The optical image in Fig. 3 (a) shows that the pores are formed between molten pools when the laser scan speed is too high. At a lower scan speed, continuous molten pools can be observed and the amount of porosity can be reduced significantly, as shown in Figs. 3 (c, d) . Schematic diagrams of one layer of the SLM process with high and low speed laser scans are shown in Fig. 3 (b) and (d) , respectively. The arrows show the scan direction of the laser. The necking of molten pools due to insufficient energy to melt the powder creates pores in between molten pools, as shown in Fig. 3 (b) . Decreasing the laser scan speed to a certain value creates uniform molten pools without such necking, resulting in a lower volume fraction of pores in such parts manufactured by SLM. High concentrations of minor elements such as Mn, Si, S and C can increase the susceptibility to crack initiation due to microsegregation at grain boundaries produced during solidification. This is illustrated in Fig. 4 , were two micrographs show a comparison of crack formation in Hastelloy-X with a high content of Mn + Si (b), and the non-existence of cracks in an alloy with a low Mn + Si content (a). The thermodynamic software simulation plotted in Fig. 5 shows that the higher Mn + Si content alloy has an effective solidification temperature (at a high fraction of solid) that is about 20°C lower than for the low Mn + Si content alloy. This is expected to not only increase the degree of microsegregation at the grain boundaries, but to also increase the risk of cracks being nucleated at the grain boundaries due to the shrinkage strains associated with SLM. Furthermore, the lower effective solidification temperature of the high Mn + Si content alloy can facilitate liquid feeding down to lower temperatures (i.e. into the necked regions) and thereby decrease the amount of porosity. 
Conclusions
The porosity and crack formation in Hastelloy-X components manufactured by SLM was investigated. The porosity can be easily controlled by varying the laser scan speed. A slightly lower degree of porosity was found in an alloy with a high Mn + Si content, but such an alloy is more susceptible to crack formation. Porosity is formed in between molten pools and can be avoided by decreasing the laser scan speed. A density of up to 99% was achieved in components produced by SLM in this work. Mechanical and metallurgical factors were identified as reasons for crack initiation. The main reasons for crack formation due to mechanical factors were identified as being the rapid temperature changes associated with SLM and the temperature gradient which makes the existence of complex shrinkage stresses unavoidable. The high concentration of minor elements such as Mn, Si, S and C increases the sensitivity to crack formation due to decreasing the solidification temperature of Hastelloy-X and causing microsegragation at grain boundaries. As a result, grain boundaries provide the most likely sites for the nucleation and propagation of cracks due to the shrinkage strains associated with SLM. This was confirmed by scanning electron microscopy. This work demonstrates that crack initiation can be avoided by using Hastelloy-X with reduced amounts of minor elements such as Mn and Si.
